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Abstract 
Fiber-reinforced plastics are a lightweight material with outstanding mechanical properties. On the one hand the application of 
those materials can have an outstanding contribution to product performance (e.g. energy efficiency). On the other hand fiber-
reinforced plastics are not used very frequently due to their high manufacturing costs. At the same time, industrial production faces 
megatrends within a turbulent environment asking for highly individualized products and very short and reliable delivery times. 
Motivated by the combination of those two aspects, we propose an enhanced production control method for the manufacturing of 
preimpregnated fiber (prepreg) parts based on a survey among manufacturers of such parts. 
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1. Introduction 
Fiber-reinforced plastic (FRP) parts and especially 
those made from preimpregnated fibers (prepregs) are 
used in lightweight products in order to enhance product 
properties because of their excellent mechanical 
characteristics [1]. Because of high manufacturing costs, 
that can account for up to 72  [2], 
the application fields of prepregs are limited e. g. to the 
aeronautics industry, where they prevail [3].  
In addition to the trend of sustainability and 
lightweight products, the manufacturers of prepreg parts 
are strongly influenced by the socalled turbulent 
environment like all other manufacturers. This means 
that customer market behavior becomes 
increasingly less predictable. Furthermore, the trend of 
individualization accounts for high demands in terms of 
delivery times and delivery reliability [4-5]. 
In order to favor more prepreg applications by 
reducing the manufacturing costs and to address the 
mentioned trends that put high pressure on the 
manufacturing of prepreg parts not only in terms of 
costs, we propose an enhanced production control 
approach that addresses specifically the manufacturing 
of prepreg parts. This approach relies on integrating the 
limited lifetime of prepreg materials in the control 
decisions and on considering an intermediate cold 
storage. 
Production control relies on an accurate and recent 
image of the production environment [5]. To ensure that, 
we use the RFID technology as an enabler for automatic 
object identification (tracking & tracing). Thanks to the 
results of Bernhard et al. [6] this technology now can be 
integrated into FRP manufacturing.  
This contribution is structured as follows: After 
introducing the research field (ch. 1 & 2), the need for 
enhanced production control in prepreg manufacturing is 
derived from a survey (ch. 3) and a literature review (ch. 
4). Then, the newly developed production control 
methodology is described (ch. 5 & 6) and evaluated by a 
simulation (ch. 7). Finally, a conclusion is drawn (ch. 8). 
2. Prepreg Manufacturing 
The manufacturing of prepreg parts consists of five 
major steps (fig. 1). At first, prepreg roles, that have to 
be stored at low temperatures, have to be unfrozen. After 
that, 2D geometries are cut according to the job to be 
treated. Consequently, the lay-up takes place, where the 
2D geometries are placed in a mould. Then, the parts are 
cured in an autoclave und further processed [7]. Until the 
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parts are fully cured, they have temperature and time 
dependent properties that have to be monitored [1-3]. 






Fig. 1. Manufacturing Process for Prepreg Parts 
3. Results from a Survey 
3.1. Procedural Method 
The goal of the survey was to assess production 
control challenges in prepreg manufacturing. A 
standardized questionnaire was used, when the survey 
was conducted between October 2011 and March 2012.  
As a standard of comparison, the three associations 
Carbon Composites e.V. (carbon-composites.eu), CFK-
Valley Stade (cfk-valley.com) and Industrievereinigung 
Verstärkte Kunststoffe e.V. (avk-tv.de) may be 
considered. In total they represent 386 companies, 
double memberships eliminated. 290 of them do not 
dispose of industrial production facilities for prepreg 
parts as they are research institutions, engineering 
service companies or produce machines or tools. Among 
the remaining companies, 29 dispose of the facilities to 
produce prepreg parts. The questionnaire was sent to 27 
of them and 10 companies returned it with answers (in 
the following, N will describe the number of answers).  
As to the sector of activity, most of the companies are 
engaged in more than one whereas the aerospace 
industry (70 %) is the most important field of 
application. Furthermore, 25 % of those enterprises 
operate as original equipment manufacturer (OEM), the 
rest as supplier or engineering service provider with 
production facilities. The mainly used fibers are carbon 
fibers (88 %) which are embedded into a thermoset resin 
(90 %). 
3.2. Survey Results 
Production: Most of the polled companies organize 
their production as a job shop (60 %). This is due to 
historical developments (60 %) and the produced piece 
numbers (40 %) and variants (30 %). Another reason 
thereof is best practice.  
In most cases, production is manual as can be seen 
from fig. 2. The most popular manufacturing processes 
among the polled companies are manual prepreg lay-up 
and resin infusion without the use of an autoclave. 
Independent of the applied manufacturing processes, 
80 % of the polled companies produce in lotsize one. 
Manufacturing lead time is between some days and 
several weeks.  
Cold Chain: Before curing the prepregs, they have to 
be seen as perishable goods (cold chain requirements). 
Nevertheless, prepregs are used for the following 
reasons: high fiber-volume content (75 %), customers 
requirements (88 %) and requirements to positioning of 
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Fig. 2. Used manufacturing processes  
To manage the cold chain, 75 % of the polled 
companies document storage and processing times 
manually. In addition, 50 % monitor ambient 
temperatures in an automatical way (fig. 3).  
In addition to those measures, 89 % of the companies 
dispose of a possibility for intermediate cooling of the 
prepregs in form of precuts or lay-ups. In spite of all 
those effort, 33 % of the companies know the problem of 

















Fig. 3. Cold chain monitoring 
Curing: In the manufacturing of prepreg parts, the 
autoclave has got a major role. The polled companies 
manly use it because of the part , that can be 
achieved only by using an autoclave (88 %). Further 
reasons are standards and guidelines (38 %) as well as 
requirements by the clients (63 %). From the point of 
view of material flow, for 57 % the autoclave is the 
bottleneck in the production. Even if 86 % of the 
companies dispose of two or more autoclaves, which 
differ in size (83 %) and achievable process parameters 
(67 %), this is still the case.  
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The curing process in the autoclave is a batch process 
with an average batch size of 20 parts maximum. In 
some cases, the size can be a lot higher. The possibilities 
of batch forming are restricted by the resins, whereas 
57 % use three or more types of resin for their products. 
Besides those technical restrictions, for 67 % of the 
companies, delivery dates are the most important criteria 
to form batches. 50 % rely on employee experiences to 
do that. The curing time of the parts is on average 
between 3 and 15 hours.  
To rely the batch process with the upstream 
manufacturing processes, there is usually a buffer which 
has an average capacity between 1 and 20 parts. This is 
conform to the average autoclave batch size. 
Furthermore, 71 % of the companies synchronize the 
autoclave with the upstream processes, which means that 
they can accelerate certain parts (43 %) or delay the 
autoclave process until the last part arrived (14 %). 
Production control and information management: 
Amongst the tasks of production control are job release 
and sequencing [8]. In the fields of job release, the 
polled companies mainly use time based methods 
(67 %). Furthermore, about 44 % of the companies rely 
on the experience of their employees for job release.  
In the fields of sequencing, experience based methods 
account for 50 % and 30 % use the earliest planned end 
date policy. The application of those methods is justified 
by the produced piece numbers (70 %) and the number 
of variants (40 %). Half of the companies explain it in 
addition by their historical development.  
In 70 % of the companies, production control is 
supported by hardware papers, whereas only about 40 % 
use electronic control panels. In all cases parts are 
uniquely identifiable. To do that, in 60 % of the 
companies plain writing and in 30 % barcodes are used. 
Unique identification is also used for part individual 
documentation which is applied by 80 % of the polled 
companies. The remaining 20 % document the 
production for groups of parts. Furthermore, 
identification is used for machine and production data 
acquisition. Here, 62 % dispose of a manual production 
data acquisition. 38 % of the polled companies do not 
use production data acquisition at all.  
Concerning data exchange in the supply chain, 60 % 
of the companies dispose of data interfaces to their 
suppliers and 90 % to their clients. In total, 70 % of the 
enterprises are compelled to document and communicate 
certain data. 
4. Related Work 
Perishable goods and corresponding scheduling and 
control problems exist in various fields of application 
such as food processing [9] or ready-mixed concrete 
delivery [10]. Also the topic of cold chain logistics, e.g. 
[11], and inventory control is addressed in various 
publications e.g. [12]. Considering the problems in 
prepreg manufacturing described above, four approaches 
could be identified as highly relevant.  
Entrup et al. [13] deal wi
programming modeling approach for shelf life integrated 
This approach 
maximizes the contribution margin and takes into 
 while 
building a weekly production schedule. Also wastage 
and out of stock situations are decreased [13]. 
Billaut [14] addresses a scheduling problem from the 
pharmaceutical industry where raw materials have a 
limited lifetime once they left the environmental 
conditions of storage. Then, they have to be used before 
a certain deadline. After having proven that the problem 
is NP-hard, he proposes a Mixed Integer Linear 
Programming approach to address the corresponding 
scheduling problem. The objectives of the optimization 
are to minimize the tardiness of the product delivery and 
the costs for lost products [14]. 
Ilic et al. [15] evaluate in their working paper the 
application of sensor data in order to manage perishable 
goods by using simulation. They point out the new 
in addition to human quality inspections. His application 
field is the retail supply chain. Ilic et al. introduce a 
quality loss model and run simulations comparing the 
Highest-Quality-First-Out (HQFO) and the Lowest-
Quality-First-Out (LQFO) policies. They show that the 
additional information provided by the sensors can be 
used to optimize the order of the products to be sold. 
Hereby, resource efficiency and profits can be increased. 
They also investigate the economic feasibility and come 
to the conclusion that the sensor based approach is 
feasible from the costs point of view [15]. 
Naso et al. [10] present research from the application 
field of ready-mixed concrete (RMC) distribution. They 
propose a hybrid metaheuristic approach to schedule the 
distribution of RMC in a cost optimal way. The 
underlying problem can be referred to as multidepot 
multivehicle routing problem with time windows 
(VRPTW). The fact that RMC is a perishable product is 
integrated into the optimization approach by considering 
the lifespan of the product as a constraint in the 
algorithms [10]. 
Other approaches include RFID based cold chain 
management [16-17] and the modeling of product 
detoriation using differential equations [18]. In ongoing 
research activities in the fields of intelligent objects, e.g. 
[19], perishable products are not considered. 
In summary, to the best knowledge of the authors, no 
models and optimization/control algorithms specific to 
prepreg manufacturing have been studied so far.  
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5. Derived Requirements 
we derive the need for research actions and requirements 
for a production control methodology specifically 
adapted to prepreg manufacturing.  
Thus, the overall goal should be to reduce 
manufacturing costs in order to allow prepregs to be 
used in more industrial applications. This can be done by 
reducing the amount of scrap that is generated by non-
conformity to cold chain requirements. Therefore the 
temperature and time dependent material properties 
should be taken into account for production control 
decisions in an automated way. In addition the 
possibility for intermediate cooling of prepregs should 
be integrated into the production control, which is not 
the case at the moment. Therefore, specific rules for 
decision-making have to be developed in order to 
replace error-prone decisions based on human 
interaction. A further measure is to automate the 
documentation of process steps and the cold chain 
compliance. Hereby, an accurate image of the 
production is generated that can be used not only for 
documentation but also as a basis for production control.  
Last but not least, the proposed developments should 
be compatible to ongoing research activities in the fields 
of batch optimization for prepreg manufacturing [20]. 
6. Production Control Methodology 
6.1. Extended Slack Time Policy 
The slack time is defined by the remaining time until 
the due date, which is not necessary for production 
processes [8]. In the following, this slack time will be 
refered to as a delivery slack time. To integrate the 
temperature dependent material behavior of uncured 
prepregs, we define a socalled least processing slack 
time (LPST) policy. The processing slack time is defined 
by the remaining lifetime for processing the prepregs 
excluding the time periods necessary for production 
processes (fig. 4).  
In order to calculate the processing slack time, for 
each part, a time budget is introduced that corresponds to 
the remaining lifetime at the temperature level in the 
production environment (e.g. +21 °C). This budget can 
be withdrawn from the specifications of prepreg 
materials. 
In contrast to the First-Expired-First-Out (FEFO) 
policy [21] or the Shortest-Remaining-Shelf-Life policy 
[22] the LPST policy takes into account the outstanding 
processing times that may differ a lot from part to part. 





















Fig. 4. Slack time definitions 
6.2. Application in Sequencing and Job Release 
As it is necessary to enforce the cold chain 
requirements while keeping to the due dates for fulfilling 
in the following. For an application as a priority rule in 
Sequencing and Job Release, the minimum of both slack 
times will be the criteria until the respective prepreg part 
is cured. Afterwards, its material properties are no longer 
dependent on ambient temperature. For that reason, after 
curing the part only the delivery slack time rule will be 
applied. 
6.3. Intermediate Cooling of Prepreg Parts 
An intermediate cold storage for prepreg material is 
considered in the newly developed production control 
methodology. In order to decide, whether a part should 
be stored in this storage instead of the normal buffer, a 
control module is called. This module assesses for all 
parts leaving the work stations cutting and lay-up if their 
processing slack time is inferior to a specific threshold. 
If so, those parts are transferred to the intermediate cold 
storage.  
To take the parts out again, the work stations lay-up 
and curing integrate the parts in the intermediate cold 
storage when sequencing the waiting jobs using the 
LPST policy. 
6.4. RFID as an Enabler 
Production control methods rely on being able to 
process current and exact data from the shop floor. A 
technology, which is often used for that is Radio 
Frequency Identification (RFID). Thanks to the work of 
Bernhard et al. [6] it is now possible to integrate RFID 
transponders into fiber reinforced plastics such as 
prepreg parts. Those can be used to generate a real-time 
image of prepreg manufacturing by tracking & tracing 
parts. In order to prove the technical feasibility of 
reading integrated RFID transponders, tests were carried 
out in a real industrial production environment. Prepreg 
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parts with integrated RFID transponders were transferred 
through a RFID gate (fig. 5).
In total, 4 parts were tested. For each of them, the 
transfer through the gate was repeated 150 times and in
up to 89 % of the transfers, the parts were identified
correctly. As the integrated RFID transponders are still
in a prototype stage and not yet a commercial product,
those results are considered as sufficient to prove the
technical feasibility. Thus, it is technically possible to




Fig. 5. RFID Tests
7. Simulation Study
7.1. Simulation Model
In order to assess the performance of the production 
control methodology described in chapter 6, a simulation 
model was set up using Siemens Tecnomatix Plant 
Simulation. The model is based on a real production in 
the aeronautics industry. The time and temperature
dependent material properties are modeled by using time 
budgets as described in chapter 6.
In the simulation model in addition to the production 
control methodology developed here, a so called 
benchmark algorithm is implemented. This algorithm 
uses the conventional delivery slack time policy. Both 
algorithms use the state of the art bottle neck control
methodology described in [8].
7.2. Simulation Results
For both algorithms a time period of 380 days was
simulated using an identical default production program.
In table 1, the distribution of the manufacturing jobs at 
the end of the simulation can be seen. In the first line are
the finished jobs. After that, jobs that had to be declared 
scrap at some point during manufacturing are counted.
The reason thereof is that they did not comply to
processing time budgets. In the third line, the number of 
jobs that were not realized can be seen. This can be
explained by the fact that at the time of job release their 
processing slack time was zero or negative. The last two
lines show the number of jobs that were still in the
manufacturing process at the end of the simulation and
the jobs that were still in the jobs pool without being
released to production.
Table 1. Summary of simulation results
Standard New
Pieces % Pieces %
Finished jobs 6580 75,05 6597 80,32
Scrap jobs 1437 16,39 1220 14,85
Unrealized jobs 613 6,99 256 3,12
Jobs in production 91 1,04 90 1,10
Jobs in pool 44 0,50 50 0,61
We find two mayor results. First, the scrap jobs were
reduced from 1437 to 1220, which is a 15 %
improvement. Second, the number of not realized jobs
was reduces from 613 to 256, which is a 58 %
improvement. The other indicators stay approximately at
the same level.
When having a closer look at the scrap, it can be seen
from fig. 6, that not only less scrap is produced but also
that it is discovered earlier in the production process and
thus does not consume as many resources as in the case
of the benchmark (BM) algorithm. The figure shows the
amount of scrap parts identified at the described process





2D Cut (new) 2D Cut (BM) Lay-Up (new) Lay-Up (BM)
Cooling (new) Cooling (BM) Curing (new) Curing (BM)
Fig. 6. Distribution of scrap
This means that scrap costs are reduced significantly.
Additionally, in the simulation delivery reliability was
improved by 2 % while other standard logistic indicators 
stay on an approximately constant level.
8. Conclusion
In this contribution we first outlined the importance
of fiber reinforced plastics, especially prepregs, as 
lightweight materials in various applications. Based on a 
literature review and a survey, we then identified 
obstacles for a wider use of those materials and found
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that production control methodologies have to be 
adapted to the special properties of prepregs. 
Consequently, a production control methodology based 
on the use of an intermediate cooling station and an 
extended slack time policy was developed and evaluated 
using simulation. We found that the presented control 
methodology is able to reduce scrap parts by 
approximately 15 % due to its capability to take into 
account time and temperature dependent material 
properties. Furthermore, scrap is identified earlier in the 
production process which leads to a further reduction of 
manufacturing costs. 
Further research activities will consist in combining 
the presented approaches and results with other 
production control methodologies for prepreg 
manufacturing, e. g. batch optimization [20]. By those 
means, a step towards a prepreg specific production 
control software is undertaken. In addition, the cost 
effectiveness will be evaluated. 
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